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 Introduction 

 

Triacylglycerols (TG) are an important source of energy for the cardiac muscle. Under 

physiological working conditions most of the energy for myocardial contraction is derived 

from fatty acid oxidation1. In vivo, the total content of TG in the heart does not decline 

significantly throughout life, suggesting that a constant synthesis takes place2. Multiple pools 

of TG have been demonstrated in the rat myocardium3 and it has been reported that a 

depletion of the TG in the heart4 and a concomitant increase of free fatty acids5 are 

associated with the development of the process of cardiac ischemia.  

 

Essential hypertension is associated with multiple metabolic alterations6. Abnormal 

lipid metabolism has been detected in spontaneously hypertensive rats (SHR)7 and in 

hypertensive humans8. Hypertension precipitates the development of left ventricular 

hypertrophy, which is an independent risk factor for ischemia and heart failure9. Cardiac 

hypertrophy also induces a shift in energy source from fatty acids to glucose. Concurrently, 

the fatty acid concentration is diminished in hypertrophic hearts, probably to contribute to 

the preservation of energetic economy10. Additionally, it has been reported that lipoprotein 

lipase (LPL) activity is decreased in skeletal muscle in human hypertensives11 and SHR12.  

 

Consumption of monounsaturated fatty acid (MUFA)-rich oils has been recommended 

for modulating the plasma lipid profile in humans13. Two sources of MUFA, virgin olive oil 

(VOO) and high-oleic sunflower oil (HOSO) have been suggested to reduce the risk for 

coronary heart disease by providing a similar effect on the atherogenic index of 

normocholesterolemic and hypercholesterolemic hypertensive patients14. However, there is 

evidence that the two MUFA-enriched diets have selective physiological effects on humans15 

and rats16. The intake of VOO or HOSO provides a different TG composition in the liver of 

normotensive and hypertensive rats16,17, highlighting the fact that other factors such as, TG 

composition, rather than the content of oleic acid (18:1, n-9) itself, might be responsible. 

 

For the moment there are no available data concerning the influence of hypertension 

on the TG molecular species composition of the myocardium of SHR rats. Therefore, the 

present study was conducted in order to evaluate the effect of two dietary oils, with a similar 

content in oleic acid but different TG moieties (VOO and HOSO), on the lipid composition, 

but more specifically on the TG molecular species, and on the LPL activity of SHR rat 

myocardium. 
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Methods 

 

Animals and diets 

Wistar-Kyoto (WKY) and spontaneously hypertensive (SHR) rats weighing 55.7±2.3g 

were purchased from Letica (Barcelona, Spain). They were randomly distributed into six 

groups of twelve rats each, according to diet and strain, and were individually housed in a 

room at 21±2 ºC with a light/dark cycle of 12 hours. Animals were fed a fat-free diet 

(baseline diet, BD) or BD supplemented with 15% VOO (Aceites Toledo, Los Yébenes, Sapin) 

or 15% HOSO (Coreysa, Osuna, Spain), ad libitum. BD contained 20.8% milk casein, 19.6% 

corn starch, 37% glucose, 5.3% cellulose, 6.3% mineral mix and 1% vitamin mix (PANLAB, 

Barcelona, Spain). The lipid fraction of the two fatty diets represented 36.6% of total energy 

expressed as energy. The fatty acid and TG molecular species composition of the employed 

oils were analysed by GC and HPLC respectively as described below (Tables 1 and 2). After 

twelve weeks of feeding, rats were killed by decapitation and the heart was removed from 

the carcass. After removing extraneous tissue and epicardial fat, each heart was perfused 

with saline, weighed and preserved at -80 ºC until used. At this time no significant 

differences were found on food consumption and weight gain among all groups. The 

protocol for animal handling and experimentation was approved by the Institutional 

Committee on Investigation in Animals (Universidad de Sevilla, Seville, Spain). 

 

Sample preparation 

Heart lipids were extracted following the method described by Folch et al.18. An 

aliquot of the lipids was separated into fractions by thin layer chromatography (TLC) on silica 

gel 60 plates (Kieselgel 60 F254, Merck España, Barcelona, Spain) using an elution system of 

hexane/diethylether/acetic acid (80:20:1, v/v/v) (Merck España, Barcelona, Spain), as 

described by Ruiz-Gutiérrez et al.19. TG and PL fractions were scrapped off the silica, eluted 

with hexane/diethyl ether (9:1, v/v), passed through a nitrogen stream and stored at 

temperature below – 20 ºC until analyzed. 

 

Lipid classes analysis of rat heart 

Lipid classes composition was determined by TLC coupled with a flame ionization 

detector (FID) in an Iatroscan apparatus, using Chromarods S (Iatron Laboratories Inc., 

Tokyo, Japan), which were firstly activated by passing through the flame of the detector for 

15 minutes. 4 mg of total lipids from heart were spotted on each rod. Rods were developed 

in hexane/diethylether/formic acid (90:10:1, v/v/v) (Merck España, Barcelona, Spain), and 
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subsequently were scanned under the following conditions: hydrogen flow 175 ml/min, air 

flow 1850 ml/min. An Iatrocorder TC-11 integrator was used for recording and area 

integration. 

 

Fatty acid composition of rat heart triacylglycerols and phospholipids 

 TG and PL were transmethylated and the resulting fatty acid methyl esters (FAME) 

analysed by GC as described by Ruiz-Gutiérrez et al. (19), using a model 5890 series II gas 

chromatograph (Hewlett-Packard Co, Avondale, USA) equipped with FID and a capillary silica 

column Supelcowax 10 (Sulpelco Co, Bellefonte, USA) of 60 m length and 0.25 mm internal 

diameter. Individual FAME were identified by comparison of their retention times with those 

of standards or by mass spectrometry.  

 

Triacylglycerol molecular species composition of rat heart 

 The chromatographic system consisted of a 2690 Alliance liquid chromatograph 

(Waters, Co, Milford, MA), provided with a Novapack (250 x 4.6 mm, 4 µm) column (Waters, 

Co, Milford, MA) and a light-scattering detector model DDL31 (Eurosep, Ins, Cergy-Pontoise, 

France). The system was controlled by the Millenium System (Waters, Co, Milford, MA). The 

mobile phase consisted on an initial gradient of 20 % of acetone in acetonitrile raising the 

percentage of acetone to 45 % in 12 min and then to 80 % after 60 min. This percentage 

was held up to the end of the analysis. The flow rate was 1 mL/min. Standard solutions were 

of Sigma Grade (99% pure) of tritridecanoyl-glycerol, 1,3-dioleoyl-2-palmitoyl-glycerol, 

trimyristoyl-glycerol, 1,3-dioleoyl-2-stearoyl-glycerol, 1,3-dioleoyl-2-linoleoyl-glycerol, 

tripentadecanoyl-glycerol, tripalmitoyl-glycerol, trioleoyl-glycerol and trilinoleoyl-glycerol. 

Various regression models were tested and finally fourth regression curves (r2≥0.999) were 

chosen. Response factors for each standard relative to closer standards in retention time 

were calculated, being always between 0.98 and 1.02. TG molecular species composition 

was calculatedas described by Perona et al.20.  

 

Determination of lipoprotein lipase activity in rat heart 

 The heart was homogenized with 20 mL of pre-cooled acetone (-20ºC), filtered and 

washed with 100 mL of pre-cooled acetone, 200 mL of acetone at room temperature and 

200 mL diethyl ether. After drying, the remaining powder was frozen in liquid nitrogen and 

stored at –80ºC until used. Two mL of ammonium buffer (25 mM, pH=8.1) containing 

1U/mL of sodium heparine was added to 10 mg of the powder. The mixture was incubated 
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on ice for 60 min and subsequently centrifuged at 5000xg for 10 min at 4ºC. The 

supernantant was employed as LPL source. One aliquot was used for the activity 

measurement and another one for protein quantification by the method of Bradford. Both 

fractions were frozen in liquid nitrogen and stored at –80ºC until used. Dibutirylfluorescein 

(Sigma, St. Louis, USA) was prepared as substrate for the reaction with LPL by dissolving 

1mg in 5mL of ethilenglycol monomethyl ether. One mL of this solution was dissolved in 20 

mL of phosphate buffer 0.1M. Two hundred µL of the enzyme extract were incubated with 

1500 µL of dibutirylfluorescein solution, 150 µL of ethilenglycol-monomethyl-ether and 1250 

µL of phosphate buffer. LPL activity was quantified as the difference between the 

fluorescence emitted by the released fluorescein when NaCL 1M was added to the incubation 

medium to the one emitted in the absence of NaCL. Fluorescence was measured in a 

fluorescence spectrophotometer (Aminco Bowman Series 2, Urbana, IL) at 490 nm for 

excitation and 530 nm for emission. 

 

Statistics 

 Results are presented as means±SD. The significance of the differences between 

dietary periods was assessed by one-way ANOVA (repeated measures) with Bonferroni’s test 

for comparison of the means. 
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Results 

 

SHR rats showed a higher heart/body weight ratio, except for those fed VOO (Figure 

1). Cholesteryl esters (CE), TG, free cholesterol (FC), and PL were separated, identified and 

quantified by TLC-FID (Iatroscan) (Table 3). A very significant difference was observed in 

the content of TG between WKY and SHR rats. TG concentration in the heart of WKY varied 

from 15% in the rats fed BD to 21% in those fed VOO, whereas the content in SHR rats was 

close to 9-10%. A very notable lowering in the FC content was found in the heart of the 

hypertensive rats fed both high-oleic oils (p<0.05). Conversely, the PL content was higher in 

these rats, compared to the WKY group (p<0.05). These modifications of the FC and PL 

contents led to a reduction of the FC/PL ratio. 

 

The intake of diets rich in oleic acid was not reflected in the heart PL (Table 4). The 

concentration of this fatty acid was lower in rats fed VOO or HOSO than in those fed BD 

(p<0.05). In fact, the intake of HOSO only provided 11% of oleic acid to the PL of the SHR 

rats. Thus, a lower MUFA concentration was found in the rats fed VOO or HOSO (p<0.05). In 

contrast, the BD was responsible for a higher accumulation of saturated fatty acids in the 

heart of the normotensive rats, mostly due to accumulations of palmitic (16:0) and arachic 

(20:0) acids. The content of linoleic acid (18:2, n-6) was likewise significantly higher in the 

heart of the rats fed BD (p<0.05). The low concentration of oleic and linoleic acids in the PL 

of the heart of the rats fed both high-oleic oils was compensated by the incorporation of 

arachidonic acid (20:4, n-6).  

 

In contrast to PL, the intake of high-oleic oils was reflected in the TG profile, although 

the greatest amount of oleic acid was found in those animals fed VOO, accounting for above 

60% (Table 5). The BD was responsible of a greater amount of palmitic acid, but no 

differences were observed among animals fed VOO or HOSO. Concentrations of linoleic acid 

were similar in the TG of rats after administration of BD and HOSO and significantly higher 

than in rats fed VOO (p<0.05). Hypertension did not significantly affect the TG fatty acid 

content of rat heart. 

 

Feeding VOO or HOSO provided molecular species of TG rich in oleic acid to the heart 

(Table 6). The main species were triolein, palmitoyl-dioleoyl-glycerol, stearoyl-dioleoyl-

glycerol and dioleoyl-linoleoyl-glycerol. The concentrations of all these species, except for 

dioleoyl-linoleoyl-glycerol, were similar in the normotensive rats fed either of the high-oleic 
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acid oils. In the SHR rats a lowering of the number of molecular species detected was 

observed. In contrast to the heart of normotensive rats fed BD, in which up to 22 species 

were quantified, only 8 could be found in SHR. Unexpectedly, in rats fed the high-oleic diets 

no dilinoleoyl-acyl-glycerol species could be found, whereas in the animals fed BD we found 

dilinoleoyl-palmitoyl-glycerol. A reduction in oleic acid-rich species was found in the 

hypertensive rats fed HOSO, compared to those fed VOO (p<0.05). The concentration of 

dioleoyl-linoleoyl-glycerol, which was higher in the heart of the WKY rats receiving HOSO 

(p<0.05), was similar in the SHR. In addition, the intake of HOSO yielded an increase in the 

content of molecular species rich in saturated fatty acids, mainly containing palmitic acid. 

The highest content of dipalmitoyl-linoleoyl-glycerol was observed in the heart of SHR rats 

fed HOSO (14%, p<0.05).  

 

Only the administration of VOO resulted in a modification of the LPL activity of the 

heart and the differences were found only among the normotensive groups (Figure 2). In 

these animals, the LPL activity was significantly higher after the intake of VOO, comparing to 

either rats fed HOSO or BD (p<0.05). The differences were also significant comparing to the 

SHR rats fed VOO (p<0.05). 
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Discussion 

 

Under physiological conditions, most of the energy for myocardial contraction is 

derived from TG, being its contribution more important than glucose or lactate1. In the 

present study we did not observe significant differences in the concentrations of TG caused 

by dietary fats (Table 3). The slight influence of the dietary fat on the TG composition of the 

heart had been reported before21. However, we found a lower content of TG in the 

myocardium of SHR rats, compared with WKY rats, with a proportional increase of PL. 

Cunnane and Karmazyn4 related TG depletion with the development of an ischemic process 

in the heart. During ischemia the heart requires the utilization of endogenous energy sources 

in the form of TG, particularly, oleic, palmitoleic and linoleic acids. Additionally, a release of 

n-3 and n-6 PUFA occurs, modulating the electrophisiological properties of the heart by 

means of eicosanoid synthesis5,22. In our study we found an overall reduction in the fatty 

acid content from TG in the SHR rats, but not specific of PUFA (Table 5).  

 

 Hypertension precipitates the development of left ventricular hypertrophy, an 

independent risk factor for ischemia23, which was confirmed in this study by the higher 

heart/body weight ratio of SHR rats, compared with WKY, but not in the animals fed VOO 

(Figure 1). Cardiac hypertrophy induces a shift in energy substrate preference from fatty 

acids to glucose, reducing β-oxidation of fatty acids24. The depletion of saturated TG 

supports the suggestion of the utilization of TG for energetic functions related to the 

development of hypertension, but appears to be in discrepancy with the reduced fatty acid 

β−oxidation. However, it has been suggested that the decrease in fatty acid β−oxidation may 

be due to changes in concentration of regulatory intermediates such as citrate and malonyl-

CoA25. Therefore, the depletion of TG by hydrolysis, the release of free fatty acids and the 

impairment of fatty acid β−oxidation might occur concurrently. 

 

Furthermore, it has been recently reported that the juvenile visceral steatosis (JVS) 

mouse, a model for cardiac hypertrophy, develops an increase in myocardial DG, a reduction 

in saturated fatty acids and an elevation of oleic and linoleic acids in this lipid class26,27. 

Saburi et al.27 also showed a decrease in palmitic acid and an increase in oleic acid in the TG 

fraction of the JVS mice heart. Although we did not measure the DG concentration, the 

accumulation of DG in the hypertrophic heart would be in agreement with depletion of the 

TG pool. Whereas the fatty acid composition of the myocardium in the SHR group did not 

reflect the TG depletion, the TG molecular species profile was dramatically altered (Table 6). 
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In all dietary groups SHR rats presented a reduction of dilinoleoyl-acyl-glycerol species and 

specifically those fed VOO or HOSO showed lower content in di and trisaturated species. We 

found very slight differences between the oleic acid-rich oils studied. Particularly, the content 

of dioleyl-acyl-glycerol species was higher in rats fed VOO than in those fed HOSO. Although 

the triolein content in HOSO is higher than in VOO, others and we have found before that 

long-term administration of VOO provides a higher content of this TG species in adipose 

tissue28 and liver17 of rats, including SHR16.  

 

VOO increased LPL activity in the heart of WKY (Figure 1). We have recently reported 

that VOO is capable of increasing LPL activity in the adipose tissue of SHR rats29. Therefore, 

although it has been claimed that LPL activity in the rat myocardium is not affected by 

nutritional alterations30, VOO seems to have an effect in this regard. Unfortunately, the 

influence of dietary VOO on cardiac LPL activity has not been extensively examined. Park and 

Harris31 did not find any difference when rats were administrated n-3 fatty acid-rich diets or 

olive oil (as placebo) in the postprandial period. Since isolated minor components of VOO, 

such as phytosterols or polyphneols, have been shown to reduce or inhibit LPL activity32,33 it 

can not be ruled out that the observed effect might be related to the TG molecular species 

composition of VOO. Taking these data into consideration, as well as impairments in the 

CD36 fatty acid transporter and the conversion of DG to TG25,34; the depletion and 

modification of TG molecular species might be due to increased hydrolytic activity of 

hormone-sensitive lipase (HSL). Suzuki et al.35 demonstrated that overexpression of HSL 

inhibits the accumulation of TG in the myocardium of transgenic mice. Saburi et al.27 rejected 

the hypothesis of the TG origin of myocardial DG due to the differences between DG and TG 

fatty acid composition and they suggested PL origin. In contrast to the heart, adipose tissue 

HSL has been widely studied and it has been demonstrated that the fatty acid release from 

TG is selective36. Thus, a selective hydrolysis of TG and DG formation would also be plausible 

in the SHR rat myocardium. 

 

The intracellular pool of TG can modulate the function of biological bilayer structures 

such as cell membranes37. Among others, G proteins may be modulated by the lipid 

composition of the membrane and are involved in the regulation of blood pressure38. We 

have recently observed that in the erythrocyte membrane of hypertensive individuals the 

levels of these proteins are decreased and the concentrations of lipids altered39. Prades et 

al.40, reported that TG are incorporated into liposomes but very unlikely into membranes and 

that the different molecular species did not affect their structural parameters.  
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Important modifications of the PL profile of rat myocardium were also observed. The 

content in arachidonic acid was greatly increased in SHR rats fed the BD. Those animals fed 

the HOSO diet presented greater accumulations of this fatty acid, whereas those fed VOO, 

showed lower concentrations, compared with the corresponding WKY. Increases in the 

proportion of arachidonic acid in the phospholipids of the myocardium and other tissues of 

SHR rats have been reported before41,42. Changing the PUFA composition of phospholipids, 

may change the activity of phospholipase A2 (PLA2). It has been recently demonstrated that 

the absence of cytosolic PLA2 in the myocardium is associated to the hypertrophic growth of 

the heart, which is corrected by arachidonic acid43. This might be an explanation for the 

unusual increment in the arachidonic acid content of SHR rat PL. Membrane fluidity is known 

to be reduced in hypertension41, but the concomitant increase of PUFA in the PL fraction (as 

observed in SHR rats fed BD and HOSO) would make the membrane in fact more fluid. 

Dorrance et al.42 have suggested that some PL species, such as sphingomielin, would have 

more influence on membrane fluidity than the polarity of the fatty acids contained. 

 

 In summary, the development of hypertension in the SHR rats studied caused 

depletion of the TG pool in the myocardium, which was not corrected by administration of 

VOO or HOSO. Such depletion was due to reduction in the content of specific TG molecular 

species, which was not reflected in the fatty acid profile. Most of di- and tri-saturated TG 

were lost in the myocardium of SHR rats, we suggest that a selective hydrolysis of TG takes 

place to provide the heart with free fatty acids for energy functions. Additionally, the 

accumulation of arachidonic acid observed in the heart PL fraction, associated to the 

attenuation of the effects of the reduction of PLA2 activity caused by hypertension, was not 

observed in the animals fed VOO or HOSO. Therefore, the data presented here provide a 

better understanding of the alterations that take place in the TG of the myocardium of the 

SHR rat. A further study of the process of TG hydrolysis needs to be carried out. The diets 

oleic acid-rich oils administrated did not help to reduce the TG depletion but improved the PL 

composition of the SHR myocardium.   
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 1

Figure 1. Heart/body weight ratio of Wistar-Kyoto (WKY) and spontaneously hypertensive 

(SHR) rats fed the baseline diet (BD) and the diets enriched in virgin olive oil (VOO) or high-

oleic sunflower oil (HOSO). a,b Mean values within a row sharing the same letter are not 

significantly different (P<0.05). 

 

Figure 2. Lipoprotein lipase (LPL) activity in the heart of Wistar-Kyoto (WKY) and 

spontaneously hypertensive (SHR) rats fed the baseline diet (BD) and the diets enriched in 

virgin olive oil (VOO) or high-oleic sunflower oil (HOSO). a,b Mean values within a row sharing 

the same letter are not significantly different (P<0.05). 
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Table 1. Fatty acid composition of the baseline diet (BD) and of the virgin olive oil 

(VOO) and high-oleic sunflower oil (HOSO) (%). 

 

 BD VOO HOSO 

14:0 0.1 ± 0.0 0.1 ± 0.0 ND 

14:1, (n-5) 0.1 ± 0.0 ND ND 

16:0 10.3 ± 1.5a 13.5 ± 0.4b 4.2 ± 0.1c 

16:1, (n-9) 0.1 ± 0.0 ND ND 

16:1, (n-7) 0.1 ± 0.0 a 0.5 ± 0.3b 0.1 ± 0.0a 

17:0 ND 0.3 ± 0.1 0.1 ± 0.0 

18:0 2.4 ± 0.4a 2.3 ± 0.3a 4.4 ± 0.2b 

18:1, (n-9t) 0.1 ± 0.0 ND ND 

18:1, (n-9) 33.0 ± 1.6a 76.5 ± 0.6b 79.3 ± 0.6b 

18:1, (n-7) 1.2 ± 0.2 ND ND 

18:2, (n-6) 50.9 ± 1.3a 5.6 ± 0.7b 10.4 ± 0.7c 

18:3, (n-6) 0.7 ± 0.2a 0.7 ± 0.1b 0.1 ± 0.0c 

18:3, (n-3) 0.4 ± 0.1 ND ND 

20:0 ND 0.4 ± 0.0 0.4 ± 0.0 

20:1, (n-9) 0.2 ± 0.0a 0.3 ± 0.1a 0.2 ± 0.0a 

22:0 0.2 ± 0.0 ND ND 

22:1, (n-9) 0.1 ± 0.0 ND ND 

22:4, (n-6) 0.1 ± 0.0 ND ND 

22:5, (n-6) 0.2 ± 0.1 ND ND 

24:0 ND 0.2 ± 0.1 0.7 ± 0.2 

SFA 13.0a 16.8b 9.8c 

MUFA 34.8a 76.8b 79.5b 

PUFA 52.3a 6.3 b 10.5c 
1ND: Not detected. 
2Values expressed as means ± standard deviations.  
3 a,b,c. Mean values within a row sharing the same 

letter are not significantly different (p<0.05). 
4SFA: saturated fatty acids, MUFA; monounsaturated 

fatty acids; PUFA: polyunsaturated fatty acids. 

Table



Table 2. Triacylglycerol molecular species composition of the baseline diet (BD) and of 

the virgin olive oil (VOO) and high-oleic sunflower oil (HOSO) (%). 

 

 BD VOO HOSO 

LLLn 1.0 ± 0.3 ND ND 

LLL 22.5 ± 3.4a 0.1 ± 0.0b 3.0 ± 0.7c 

OLL 23.4 ± 1.5a 0.1 ± 0.0b 4.0 ± 1.8c 

PLL 16.1 ± 0.6a 0.4 ± 0.1b 0.6 ± 0.1b 

OOL 12.0 ± 1.3ºa 6.7 ± 0.2b  8.3 ± 0.9b 

POL/PoOO ND 4.3 ± 0.1 2.0 ± 0.2 

SLL 14.0 ± 1.7a 0.1 ± 0.0b ND 

PPL 1.7 ± 0.5a 0.1 ± 0.1b ND 

OOO 4.2 ± 1.0a 44.7 ± 1.6b 63.8 ± 4.7c 

POO  ND 30.5 ± 1.5a 7.8 ± 1.3b 

SOL 1.6 ± 0.4a 2.5 ± 0.1b ND 

PPO ND 3.3 ± 0.2a 0.2 ± 0.1b 

PPP 0.1 ± 0.0a 0.1 ± 0.0a 0.3 ± 0.1a 

SOO 0.6 ± 0.2a 5.3 ± 0.1b ND 

PSO 0.4 ± 0.0a 1.0 ± 0.5a ND 

SSO ND 0.2 ± 0.0 ND 
1 ND: Not detected. 
2 Values expressed as means ± standard deviations.  
3 a,b,c. Mean values within a row sharing the same letter 

are not significantly different (p<0.05). 
4 Fatty acids: A: arachidonic acid (20:4); Ln: Linolenic acid 

(18:3); L: linoleic acid (18:2); O: oleic acid (18:1); P: 

palmitic acid (16:0); S: stearic acid (18:0). Triacylglycerols: 

LLL: trilinoleoyl-glycerol; OOP: dioleoyl-palmitoyl-glycerol; 

PSO: palmitoyl-stearoyl-oleoyl-glycerol. 

 

 
 



Table 3. Lipid classes in the heart of Wistar-Kyoto (WKY) and spontaneously 

hypertensive (SHR) rats fed the baseline diet (BD) and the diets enriched in virgin olive 

oil (VOO) or high-oleic sunflower oil (HOSO) (%).  

 

 
1Values expressed as means ± standard deviations.  
2 a,b,c. Mean values within a row sharing the same letter are not significantly different 

(p<0.05). 
3CE: cholesteryl esters; TG: triacylglycerol; FC: free cholesterol; PL: phospholipids; 

FC/PL: free cholesterol to phospholipids ratio. 

 

 BD VOO HOSO 

 WKY SHR WKY SHR WKY SHR 

CE 0.2 ± 0.1a ND 0.8 ± 0.2b 0.5 ± 0.0c 0.2 ± 0.1a 0.4 ± 0.1b 

TG 14.8 ± 3.6a 9.3 ± 0.2b 20.8 ± 3.4c 10.1 ± 0.4b 17.3 ± 3.2a 9.4 ± 1.0b 

FC 7.5 ± 1.3a 8.3 ± 0.9 a 10.6 ± 1.1b 2.9 ± 0.2c 6.6 ± 1.7a 3.3 ± 0.5c 

PL 77.8 ± 4.4a 82.4 ± 0.7b 67.7 ± 2.4c 85.9 ± 3.8b 75.6 ± 4.0a 86.7 ± 3.6b 

FC/PL 0.10 ± 0.02a 0.10 ± 0.03 a 0.15 ± 0.03b 0.03 ± 0.01c 0.09 ± 0.02a 0.04 ± 0.01c



Table 4. Phospholipid fatty acids of the heart of Wistar-Kyoto (WKY) and 

spontaneously hypertensive (SHR) rats fed the baseline diet (BD) and the diets 

enriched in virgin olive oil (VOO) or high-oleic sunflower oil (HOSO) (%). 

 DB VOO HOSO 

Fatty acid WKY SHR WKY SHR WKY SHR 

14:0   1.1 ± 0.1a   0.7 ± 0.2b   0.4 ± 0.2c   0.8 ± 0.1b   0.8 ± 0.1b   0.5 ± 0.1a

16:0 20.6 ± 0.5a 18.7 ± 1.6a 14.0 ± 4.5b 14.8 ± 1.3b 16.3 ± 2.2b 14.1 ± 0.1b

16:1, n-9 ND ND ND   0.6 ± 0.1a   0.5 ± 0.1a   0.4 ± 0.0a

16:1, n-7   2.3 ± 0.2a   2.0 ± 0.3ab   1.7 ± 0.7bc   0.8 ± 0.0d   1.4 ± 0.1c   0.7 ± 0.2d

18:0 10.8 ± 0.1a   5.0 ± 0.5b 11.8 ± 0.9a 16.5 ± 1.4c 11.3 ± 1.1a 13.2 ± 1.2d

18:1, n-9 28.1 ± 1.2a 26.9 ± 2.2a 21.2 ± 8.0b 18.4 ± 0.0b 21.4 ± 0.6b 11.4 ± 0.9c

18:1, n-7   3.6 ± 0.2a   3.3 ± 0.3a   4.6 ± 0.5b   4.7 ± 0.4b   3.4 ± 0.3a   2.8 ± 0.2c

18:2, n-6 25.2 ± 1.6a 25.4 ± 1.6a 19.5 ± 6.1b 19.0 ± 0.1b 20.5 ± 0.3b 19.7 ± 1.4b

18:3, n-3   0.8 ± 0.1a   0.5 ± 0.1a ND   0.1 ± 0.1b ND   0.3 ± 0.1b

20:2, n-6   1.9 ± 0.2a   0.7 ± 0.1b   1.9 ± 1.4a   1.5 ± 0.1a ND ND 

20:3, n-6 ND ND   0.6 ± 0.1a   0.6 ± 0.2a   0.6 ± 0.3a ND 

20:4, n-6   5.5 ± 0.3a 17.0 ± 0.7b 22.0 ± 2.8c 18.9 ± 3.0b 20.4 ± 1.4c 25.1 ± 0.1d

22:4, n-6 ND  ND ND   1.8 ± 0.2a ND   5.8 ± 0.6b

22:5, n-6 ND ND   0.7 ± 0.2a   0.6 ± 0.0a   1.3 ± 0.1b   2.5 ± 1.0c

22:5, n-3 ND ND   1.7 ± 0.3a   0.9 ± 0.1b   2.2 ± 0.0c   3.9 ± 0.8d

SFA 34.5 ± 1.0a 25.1 ± 2.5b 26.3 ± 4.7b 32.1 ± 2.8a 28.4 ± 3.4b 27.8 ± 1.4b

MUFA 34.1 ± 1.6a 32.3 ± 2.8a 27.5 ± 9.2b 24.6 ± 1.2b 26.6 ± 1.2b 15.2 ± 1.4c

PUFA 31.5 ± 1.9a 42.9 ± 2.4b 46.3 ± 0.9b 43.4 ± 3.9b 45.0 ± 4.8b 57.3 ± 3.1c

 
1 ND: Not detected. 
2 Values expressed as means ± standard deviations.  
3 a,b,c,d. Mean values within a row sharing the same letter are not significantly different 

(p<0.05). 
4 SFA: saturated fatty acids, MUFA; monounsaturated fatty acids; PUFA: polyunsaturated 

fatty acids. 

 



Table 5. Triacylglycerol fatty acids of the heart of Wistar-Kyoto (WKY) and 

spontaneously hypertensive (SHR) rats fed the baseline diet (BD) and the diets 

enriched in virgin olive oil (VOO) or high-oleic sunflower oil (HOSO) (%). 

 DB VOO HOSO 

Fatty acid WKY SHR WKY SHR WKY SHR 

14:0 2.1 ± 0.4a 1.7 ± 0.2b 0.8 ± 0.1c 0.4 ± 0.0d 2.7 ± 0.4c 2.5 ± 0.3e 

16:0 26.9 ± 0.1a 25.8 ± 1.2a 12.5 ± 1.0b 11.9 ± 1.3b 11.8 ± 1.0b  11.6 ± 1.2b

16:1, n-9 0.6 ± 0.1a ND 0.7 ± 0.0ab 0.9 ± 0.2b 0.9 ± 0.0b 0.7 ± 0.1ab

16:1, n-7 7.7 ± 0.2a 9.9 ± 0.9b 1.4 ± 0.1c 0.8 ± 0.0d 5.9 ± 0.2c 5.4 ± 0.3e 

18:0 7.5 ± 0.2a 4.8 ± 0.6b 5.5 ± 0.2b 7.5 ± 0.6a 8.9 ± 0.6c 8.6 ± 0.2c 

18:1, n-9 36.7 ± 1.0a 39.3 ± 3.4a 61.5 ± 0.8b 63.8 ± 3.6b 47.9 ± 3.2c 53.8 ± 2.3c

18:1, n-7 5.1 ± 0.9a 5.6 ± 0.5a 5.4 ± 0.2a 5.2 ± 0.1a 5.3 ± 0.2a 4.1 ± 0.6b 

18:2, n-6 10.5 ± 0.8a 8.7 ± 0.1b 6.8 ± 0.2c 6.3 ± 1.1c 9.3 ± 0.9b 8.6 ± 0.7b 

18:3, n-3 0.2 ± 0.1a ND 0.2 ± 0.1c ND ND ND 

20:0 1.1 ± 0.2a 0.2 ± 0.1b 0.2 ± 0.1b 0.3 ± 0.1b 1.4 ± 0.3a 0.4 ± 0.0b 

20:1, n-9 0.6 ± 0.5a 0.8 ± 0.1a 0.8 ± 0.1a 0.1 ± 0.0b 1.4 ± 0.1c 1.1 ± 0.3c 

20:2, n-6 ND ND 0.5 ± 0.1a 0.5 ± 0.2a 3.7 ± 0.6b 2.2 ± 0.1c 

20:4, n-6 ND 0.9 ± 0.0a ND 0.3 ± 0.0b 0.8 ± 0.3a 1.1 ± 0.2a 

22:0 1.4 ± 0.1a 2.3 ± 0.4b 2.9 ± 0.7b 2.0 ± 0.4b ND ND 

SFA 39.0 ± 1.1a 34.5 ± 2.5b 21.3 ± 2.1c 21.2 ± 2.3c 24.6 ± 2.3d 22.2 ± 1.7cd

MUFA 50.7 ± 2.7a 55.8 ± 5.0a 70.6 ± 1.6b 71.4 ± 4.0b 62.1 ± 4.0c 65.9 ± 4.1c

PUFA 10.7 ± 0.9a 9.6 ± 0.1a 7.5 ± 0.3b 7.3 ± 1.4b 13.3 ± 1.8c 11.9 ± 0.8ac

 
1 ND: Not detected. 
2 Values expressed as means ± standard deviations.  
3 a,b,c,d. Mean values within a row sharing the same letter are not significantly different 

(p<0.05). 
4 SFA: saturated fatty acids, MUFA; monounsaturated fatty acids; PUFA: polyunsaturated 

fatty acids. 

 

 

 



Table 6. Triacylglycerol (TG) molecular species composition of the heart of Wistar-

Kyoto (WKY) and spontaneously hypertensive (SHR) rats fed the baseline diet (BD) 

and the diets enriched in virgin olive oil (VOO) or high-oleic sunflower oil (HOSO) (%). 

 BD VOO HOSO 

 WKY SHR WKY SHR WKY SHR 

OLL 4.0 ± 1.4a 2.3 ± 0.3b 2.9 ± 1.0b ND 3.0 ± 0.3b ND 

PoOL 1.2 ± 1.2a 3.5 ± 0.9b ND ND 2.2 ± 0.2c ND 

PLL 6.8 ± 1.8a 3.7 ± 0.5b 2.1 ± 0.0c ND 1.9 ± 0.4c ND 

PoPoO/MPoO 3.1 ± 0.5a ND 1.1 ± 0.0b ND 2.0 ± 0.6c ND 

MMO 1.7 ± 0.7a ND 1.5 ± 0.5a ND 1.2 ± 0.0a ND 

MPL/MPPo 2.1 ± 0.8a 4.2 ± 1.7b ND ND 4.1 ± 0.3b ND 

OOL 5.4 ± 0.5a 6.4 ± 0.6b 5.4 ± 0.5a 11.3 ± 2.4c 10.7 ± 1.4c 12.2 ± 4.3c

MOO 1.6 ± 0.1a ND 2.2 ± 0.9b ND 1.1 ± 0.2a ND 

POL 7.2 ± 1.5a 10.8 ± 0.0b 4.5 ± 1.4c 15.6 ± 1.4d 7.1 ± 0.2a 15.3 ± 1.7d

MPO 3.8 ± 1.2a ND 1.4 ± 0.0b ND 2.7 ± 0.0c ND 

PPL 6.8 ± 1.3a 8.1 ± 0.9b 5.0 ± 1.7a ND 1.6 ± 0.1c 13.8 ± 1.3d

MPP 4.4 ± 0.2a 5.2 ± 0.6b 4.3 ± 1.0a ND 1.1 ± 0.0d ND 

MMS 1.1 ± 0.7a 0.7 ± 0.0a 3.2 ± 0.9b ND 1.0 ± 0.0a ND 

OOO 5.5 ± 0.5a 6.0 ± 0.2a 20.3 ± 2.3b 23.5 ± 4.2b 23.2 ± 0.4b 15.3 ± 1.5c

POO 16.5 ± 2.5a 14.7 ± 1.7a 23.7 ± 4.4b 29.0 ± 6.9c 23.1 ± 0.9b 20.1 ± 2.7b

PPO 12.2 ± 1.1a 12.2 ± 2.5a 6.5 ± 1.9b 13.6 ± 1.3a 5.5 ± 0.6b 15.2 ± 2.0a

PPP 2.6 ± 0.5a 5.3 ± 0.2b 1.2 ± 0.0c 5.4 ± 1.0b ND 0.9 ± 0.0c

MPS 0.5 ± 0.0a ND 3.0 ± 1.0b ND 2.8 ± 0.2b ND 

SOO 4.4 ± 0.5a 4.3 ± 0.5a 6.0 ± 0.2b 9.0 ± 0.4c 6.9 ± 0.3d 5.6 ± 0.5b

PSO 5.4 ± 0.7a 8.7 ± 0.7b 3.8 ± 0.4c ND 3.0 ± 0.8c 2.1 ± 0.3d

PPS 1.8 ± 0.6a 2.8 ± 0.6b 1.4 ± 0.2a ND 1.9 ± 0.2a ND 

SSO 1.9 ± 0.7a 1.6 ± 0.1a ND ND 0.8 ± 0.0b ND 

 
1 ND: Not detected. 
2 Values expressed as means ± standard deviations.  
3 a,b,c,d. Mean values within a row sharing the same letter are not significantly 

different (p<0.05). 
4 For triacylglycerol abbreviations see Table 2. 
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